Hollow porous fibres have been spun from solutions of poly(2,6-dimethyl-1,4-phenylene ether) (PPE) in cyclohexanol. This solution exhibits liquid-liquid phase separation upon cooling and two different cooling ways were used in the continuous process employed: spinning into the open air (dry spinning) and quenching in a water bath (air-gap spinning). In the first process the temperature of the spinneret was used as a parameter, while in the dry-wet spinning process the air-gap length was altered. The fibres could be used for the separation of oxygen and nitrogen and the selectivity was perfect, however the permeability was too low. In order to analyze the influence of different cooling histories across the fibre thickness, and the final local morphology, calculations were performed on cooling rates occurring in fibre spinning and specimens were prepared under a wide range of controlled cooling circumstances and analyzed using SEM. Now it is principally possible to optimize the process in order to reach asymmetric hollow fibres with an open, porous inner structure and a closed thin skin, in order to combine good selectivity with high permeability.
Introduction
Traditionally, polymer membranes shaped as porous hollow fibres, are prepared using the diffusion induced phase separation technique or DIPS [1] . In this process, a solution of a polymer and a solvent is contacted with a non-solvent for the polymer. Because of initial interdiffusion of solvent and nonsolvent, the concentration in the polymer solution changes and, finally, phase separation occurs. Using this technique it is possible to produce asymmetric membranes with a graded pore size over the wall thickness, as well as completely symmetric mem-poor solvent at a high temperature. Upon cooling the homogeneous solutions, phase separation sets in, resulting in a porous material after removal (generally via extraction) of the solvent. Flat membranes were already produced using this principle, but the application to hollow porous fibres is relatively new [17, 18] . This paper investigates the possibility to produce asymmetric fibres using the TIPS process. The system poly(2,6-dimethyl-l,4-phenylene ether) (PPE) in cyclohexanol is used, since it liquid-liquid phase separation sets in on cooling around 100°C and, as was already proven, fibres can be spun from solutions under these demixing conditions [17, 18] . Depending on the cooling rate applied, two different solidification mechanisms can take place. At low cooling rates, PPE crystallizes while at high cooling rates liquid-liquid phase separation, followed by vitrification, can be realized. In the formation of hollow porous fibres, only the last mechanism is of interest, and high cooling rates are required. Two spinning techniques will be explored: dry-spinning and dry-wet, or air-gap, spinning.
Experimental
PPE with a molecular mass (M w) of 350 × 10 3 was used. The material was supplied by TNO-KRI, The Netherlands. Solutions in cyclohexanol with a polymer concentration between 20 and 30 wt% PPE were used. A closely intermeshing co-rotating selfwiping twin-screw extruder (W&P ZSK 25) was used to mix polymer and solvent [ Fig. l(a) ]. The screw geometry used, is shown in Fig. l(b) . The first and largest section consists of transport elements only in order to prevent unwanted axial concentration gradients to occur, caused by hold-up of agglomerated swollen polymer particles, that are present in the early stages of the dissolution process. The total content of the extruder, which is operated completely filled, is about 360 g and by choosing a prescribed flow rate of the booster pump [gear pump 1 in Fig. l(a) ], the residence time in the extruder, available for complete dissolution, can be controlled. The sum of the feed rates of polymer and solvent into the extruder has to be set equal to the flow rate of gear pump 1, in order to reach a stationary situation in the spinning line. The second gear pump [gear pump 2, Fig. l(a) ] determines the throughput through the spinneret. Since the flow rate through the first gear pump (typically about 25 g/min) is usually too high for the spinneret which contains only one spinhole, a bypass is used in between the two pumps. The spinneret is designed by TNO-KRI Delft (Fig.  2) , and it contains a hollow needle through which non-solvent is pumped (in case of DIPS) or air is blown (in case of TIPS) to keep the fibre open in its centre.
In dry spinning, the fibre is allowed to cool into the open air by convection and solvent evaporation, and -in the preliminary set-up used -led onto a belt conveyor which supports the fibre during transport and further cooling [ Fig. 3(a) ]. In the dry-wet or air-gap method, a water bath is used [ Fig. 3(b) ].
Water only serves as a cooling medium, and does not induce phase separation by diffusion, as is the case in the DIPS-process, since water and cyclohexanol are no mutual solvents. Cyclohexanol is hygroscopic, but at high temperatures (above 100°C) water evaporates, while below 100°C phase separation in the polymer solution sets in, thereby also rendering it more difficult for water to dissolve. When the dry spinning method is applied, the temperature of the spinneret was varied. In the dry-wet spinning process, the air-gap was altered. Finally the fibres are washed in isopropanol to extract the remaining solvent for at least 4 h. Subsequently the fibres were broken in liquid nitrogen and analyzed using SEM. The fibres were tested on their gas separation properties. When the skin of the membrane is the only resistance for gas flow, the solution-diffusion mechanism determines the flux. The permeability (1/min/bar/m) is defined as [19] : e = DS (1) where D is the diffusion coefficient of the gas in the membrane material, and S its solubility. Both are material parameters, therefore the permeability for a specific gas is a material parameter (in contrast, when the resistance of the porous sublayer dominates, Poiseuille or Knndsen flow through the pores determines the separation and flux characteristics).
Oxygen and nitrogen pressure is applied to the fibres and the resulting flux J (1/min/m 2) through the fibres is measured. This flux can be converted to the permeability by defining: no longer constant but vary with temperature, decreasing as the temperature goes down. Consequently, in order to define a cooling rate, reference temperature has to be chosen. We took 70°C as a representative temperature. The cooling rates varied between 5°C/s and 960°C/s or 300°C/min and 57600°C/min. The samples were also washed in isopropanol, broken in liquid nitrogen and analyzed using SEM.
Results and discussion

Phase behaviour of the system PPE-cyclohexanol
pressure difference. Usually d is not known, since it represents the effective thickness of the skin, that is difficult to measure in most cases. Therefore, the reduced permeability P/d (l/min./bar/m 2) is usually used. The ratio of the permeabilities towards oxygen and nitrogen, gives a measure of the selectivity ao2/y 2 of the fibre (d is the same for both cases):
Since P is a material parameter, each membrane material has its intrinsic selectivity for a certain gas pair. This number gives an idea of the ideal selectivity of the resulting membrane. For PPE the theoretically expected maximum a-value for oxygen and nitrogen is 5.0, if the separation is achieved by the solution diffusion mechanism, and it is 0.9 if Poiseuille or Knudsen flow are the main separation mechanisms [20] .
As a calibration tool, morphologies were produced at controlled cooling rates. Porous samples were prepared under stationary conditions by cooling solutions with a polymer content of 20 wt% in DSC sample pans from 160 to 0°C at cooling rates between 1 and 200°C,/min (the maximum cooling rate that could be reached in the DSC). Higher cooling rates were realized using the method worked out at the chemical engineering department of the University of Palermo (Professor Stefano Piccarolo) [21, 22] . In contrast to the DSC method, the cooling rates are
The phase behaviour of this system has been discussed in detail in a previous paper [17] . Only the most important aspects will be recapitulated here. The temperature-concentration diagram is represented in Fig. 4(a) . In this graph the melting and crystallization temperature are shown, together with the glass transition temperature. For the concentration range up to 60 wt% PPE, the crystallization temperature could only be measured at low cooling rates (< 20°C/rain), whereas the Tg in the same concentration range could only be measured at higher cooling rates. As shown in the previous paper [17] , the fact that the Tg-line is fiat, points to the existence of a liquid-liquid phase separation domain. This is shown schematically in Fig. 4(b) . This flocculation curve (dotted line) could, however, not be measured directly. The behaviour in the concentration region, important for this work, will be discussed.
Slow cooling results in crystallization of the polymer around 100°C. The glass transition is situated at 70°C, and is constant in this concentration region due to the presence of the liquid-liquid phase separation domain [17] . This has important consequences for the spinning process, since, after dissolution, temperatures below 70°C are not permitted anywhere inside the extruder or the spinneret, because in that case the solution would vitrify thereby blocking the extruder or spinneret. The temperature should however also never be below 100°C, since crystallization would be induced, when the solution is slowly cooled [17] . Once accidentally crystallization has occurred, somewhere around 100°C, the solution has to be heated above the melting temperature of about 150°C. For that reason, the temperature inside the extruder is set at 150°C.
Dry spinning
Fig . 5 shows cross sections and side views of fibres (20 wt%) obtained via the dry spinning process. Fibre spinning was performed for temperatures of the spinneret between 150 and 80°C. Because of the kinetics of the phase separation process, temperatures below the transition temperature are possible in the spinneret, without solidification to occur, provided that the flow rate is high enough. All fibres posses a porous wall, with a uniform pore size, and a thin skin with a rather irregular shape. The main reason for the difference in diameter between the fibres, is the difference in air flow through the needle, which was adjusted only such that the fibres did not collapse. Very accurate control revealed to be difficult in the simple preliminary set-up used. Especially at the highest temperatures, care had to be taken not inflate the fibres up to breakage, because of the extremely low viscosities of the solution.
Spinning regularly stopped due to fibre breakage. By lowering the temperature of the spinneret, the viscosity increased and the solution became much easier to spin. With the polymer molecular weight and concentrations used, at all temperatures the solution proved to be still rather fluid, when leaving the spinneret, and the fibres formed were allowed to freely flow down under gravity. The belt conveyor did not exert any noticeable draw down on the fibre.
Fig. 5 also shows side views of the outside of the fibres, which appear to be closed. At high spinning temperatures the walls show regular "stripes". At decreasing temperature, the outside of the fibre becomes less regular, and at the lowest temperature (80°C) even openings in the wall are found. Irregular stripes at low spinning temperatures are more often found in dry spinning and are supposed to be caused by shrinkage due to evaporation of the solvent [23, 24] , while the more regular stripes found at high spinning temperatures seem to be caused by the flow and not so much by shrinkage, since they extend along the whole length of the fibre.
Fig . 6 shows the gas separation properties of these fibres. The permeability for both oxygen and nitrogen increases drastically when the temperature of the spinneret is decreased. The selectivity on the other hand is low in all cases and decreases to the value of one, because of the presence of holes. In all cases separation is achieved by the solution diffusion mechanism since the selectivity is greater than 0.9, which is the intrinsic selectivity when the resistance of the sublayer dominates [20] . If pores are present, they seem to be too large for Poiseuille or Knudsen flow to be important. The fibre spun at 150°C has a selectivity of about 2.5, which is acceptable but not very high. The reduced permeability is, however, very low. The rate of solvent evaporation increases as the spinneret temperature is increased. This results in an increase in skin thickness, leading to a better selectivity but a lower permeability. Another important consequence of the difference in solvent evaporation during extrusion at different spinneret temperatures, is the possibility of interference of the drying process with that of liquid-liquid demixing. This is shown schematically in Fig. 8 . The possible paths through the phase diagram, experienced by the skin of the fibre, are indicated by the arrows. When the spinneret is at 150°C, the solution vitrifies by crossing the glass transition temperature [path (a)]. At 120°C, evaporation will cause the solution to enter the demixing domain, when it is relatively concentrated [path (b)]. Thus phase separation in the skin becomes possible, and holes can be formed. At 80°C the solution is completely inside the binodal, and evaporation will not have any noticeable effect on the skin properties [path (c)]. Therefore, fibres produced at lower temperatures, posses an open skin and could be used for applications other than gas separation. Even if the spinneret is at a high temperature, holes apparently can not be avoided, since the selectivity of the fibres is well below its maximum value. This is due to the lack of control of the solvent evaporation in our relatively primitive set-up. Based upon these experiences, fibres were pro- the solution also much easier to process. Unlike the 20 wt% fibre this fibre did not suffer from breakage during the spinning process due to the air pressure applied on its inside. Towards the centre of the fibre, the structure of the pores is finer. The selectivity of this fibre was of the same order of magnitude as that of the 20 wt% fibre. The eccentricity found in most of the fibres is not necessarily caused by a wrong alignment of the needle in the spinneret, but can be caused by a small off-axis force during haul-off. Leaving the spinneret, the solution is still rather viscous, since it takes some time to fix the morphology via vitrification. The thinner parts caused by eccentricity can be considered as weak spots that will easily break due to the internally applied air pressure. Fig. 9 shows the morphology of a fibre that was spun form a 20 wt% solution by the air-gap method for an air-gap length of 4 cm and a spinneret temperature of 140°C. The fibre morphology is clearly asymmetric now, with pore sizes decreasing from the centre of the fibre towards its outside. The fibre has a thick smooth dense skin (Fig. 9) . Close to the centre, the pores are finer than those obtained via the dry spinning process [ Fig. 9(a) ]. By quenching in water, cooling is much faster and this is known to result in much smaller pore diameters. Despite this, the fibre possessed poor separation qualities, since holes were still present. It proved to be difficult to run a continuous spinning process at a concentration of 20 wt%.
Air-gap spinning
In order to improve processability, the viscosity of the solution was again increased by increasing the polymer concentration to 30 wt%. Fig. 10 shows cross sections and side views of the 30 wt% fibres spun with different air-gap sizes, varying from 2 to 40 mm. The skins of all fibres are completely smooth. The cross section of the fibres obtained by this extrusion method is not always circular (Fig. 10) . Despite the high cooling rates, it still takes a certain time for the solution to demix and solidify and, consequently, the fibre can still deform in the water bath. For that reason the draw-down was set such iSg m i and thus low fluxes, that of course introduce errors in the calculation of the selectivity (The larger the gap size, the thicker the skins and the larger the error). The reduced permeabilities are still low and the larger the air-gap the lower the permeability values. Apparently, evaporation of solvent in the air-gap is important for the skin formation and, consequently, for the resulting fibre properties. Since the only effect of the air-gap is a reduction in the reduced permeability, it is advisable to use a small air-gap for the production of hollow porous fibres via the TIPS process.
Optimization
Morphologies
In order to relate the resulting morphologies to the cooling rates applied, a calibration map was produced by preparing solutions (of 20 wt% PPE) at different cooling rates. The resulting morphologies are shown in Fig. 12 . Below a cooling rate of 20°C/min the solution does not only experience liquid-liquid phase separation but also crystalline structures are observed. At a cooling rate of l°C/min the structure is completely crystalline. This result was already found earlier, see [17] . At a cooling rate of 2.5°C/rain already some liquid-liquid phase separation has taken place in between the spherical structures. The structure is shown at two different magnifications. Up to a cooling rate of 20°C/rain a combination of liquid-liquid and solid-liquid phase separation is found. The number of spherulites and their size decreases as the cooling rate increases. Above 20°C/rain, the structure is typical for liquid-liquid phase separation (at a cooling rate of 30°C/min only very few spherulites are observed). The more the cooling rate increases, the finer the structure becomes. At the highest cooling rates the structure is almost completely closed and only some holes are present, that are, however, not interconnected. This explains why a dense skin is formed on the outside of fibres during spinning, since the cooling rates are very high there.
Optimally, this dense layer should be concentrated on the outside of the fibre only, whereas the inside of the fibre should posses an open structure, e.g. the structure at cooling rates between 50 and 380°C/rain (see Fig. 12 ). The cooling rate should not be too much lower than this lowest value, since in that case unwanted crystallization could be induced. When the porous structure of the dry spun fibres is compared with the calibration standard in Fig. 12 , apparently a cooling rate was experienced around 150°C/min. For the case of the air-gap spun fibres, the pore size on the inside is much smaller than for the dry spinning process. Apparently, the experienced cooling rate varied from about 21 000°C/min, on the inside, to 57 600, on the outside of the fibres.
In order to obtain an ideal structure it seems necessary to use a combination of dry and air-gap spinning. It is expected that by cooling a fibre a short time in an effective cooling medium like water, the outside of the fibre will experience a high cooling rate, whereby subsequent transport of the fibre through the open air will result in slower cooling and consequently a more open structure on the inside of the fibre will be obtained. In order to check this, some elementary calculations were performed. Phase separation is not taken into account and the thermal properties of the fibre and of the solutions are taken constant. These assumptions are reasonable as long as the solution does not vitrify, since the thermal properties of the solid continuous polymer in the presence of a solvent are completely different from those of its solution. Given all these simplifications, it is not expected that this approach yields more than a first idea only of the effect of different cooling histories on the final fibre morphology.
Modelling calculations of the non-isothermal solution spinning
First the necessary equations are summarized. We try to calculate the approached temperature profile in the fibre as a function of time. In first instance, it is assumed that no draw-down or gravity is exerted on the fibre and that inertia can be neglected in these typically low Reynolds number flows. Therefore the fibres moves at a constant axial and radial velocity. where k x is the mass transfer coefficient on the outside of the membrane, R 1 is the inner radius of the hollow fibre and R 2 the outer radius. In Eq. (6), gbso(R 2) is the concentration on the air-side of the interface. Normally, the concentration at the interface on the inside of the membrane is proportional to ~bso(R2), with a factor determined by the vapor pressure of the solvent and the thermodynamic parameters of the polymer-solvent system [24] [25] [26] . As an approximation, both concentrations are assumed to be equal. For the temperature, analogous expressions as Eqs. (4)- (6) can be written. As a first approximation, the temperature change in time is due to radial conductivity only:
where p is the density of the polymer solution, Cp is the heat capacity, and k is the thermal conductivity. The boundary conditions read:
OT(arr) R, = 0 (8)
Or(r) R2 + h(T(R2) -T(~)) + dHkx(gSso(R2) k ar -6s(~)) = 0 (9)
where h is the heat transfer coefficient of the surrounding medium, AH is the heat of vaporization of the solvent. A set of two coupled equations results. In order to simplify the analysis, it is assumed that all parameters such as the diffusion coefficient, heat capacity, thermal conductivity and density are temperature independent. This makes it possible to solve Eq. (4) first and solve Eq. (7) for the temperature next. If the fibre is cooled in water, evaporation is neglected. Of course, the material and process parameters need to be known beforehand. For most parameters, the values for pure cyclohexanol were used, since the values for PPE-cyclohexanol are not known. For the determination of h, different expressions exist [23, 25, 26] and h is related to k via the Nusselt number (Nu):
where D is the fibre diameter. The Nusselt number for fibres, cooled by moving them in a stagnant medium, can be written as [25, 26] :
The Reynolds number is defined as:
where p is the density of the surrounding medium, v is the velocity at which the fibre moves and /x is the viscosity of the surrounding medium. Once h is known, k x can be estimated, since in a first approximation h and k x are proportional. Ohzawa et al. [26] determined their ratio for some solvents. From their data we took a value of 7.5 cal/°C mol, which is the mean value for different temperatures for dimethylformamide (DMF), a solvent with a high boiling point (153°C) like cyclohexanol (161°C):
k x °C mol mol Dps for PPE-cyclohexanol is not known. In [27] , the diffusion coefficient for the system PPE-trichloroethylene (TCE) has been determined and was taken to be concentration dependent. Here we will use a constant diffusion coefficient. It is to be expected that diffusion of PPE in TCE will go much easier than in cyclohexanol, since TCE is a much better solvent for PPE, so Dps is an upper limit. All parameters used in the calculations are summarized in Table 1 . Eqs. (4) and (7) are both solved numerically using an implicit, stable, Cranck-Nicholson scheme. For this purpose, the membrane is divided into 11 layers. With the aid of the above, simple model, we will now try to find a way for improving the fibre properties, by optimizing the spinning process. Fig.  13 shows the calculated cooling rates at 70°C for fibres cooled in water of different temperatures and Table 1 Parameters used in the calculations in air (at 20°C), across the thickness of the fibre (x). When the fibre is cooled in air, the cooling rate is flat, which is in agreement with the uniformly porous structure, obtained via dry spinning. When cooling fibres in water of 20°C, the cooling rate is more asymmetric, with a value of about 300°C/s (18000°C/min) on the outside, and about 200°C/s on the inside (12000°C/rain). This is not as asymmetric as we would have expected, from comparing the resulting experimental fibre structure ( Fig. 9 ) with the calibration morphologies in Fig. 12 . To solve this discrepancy one should, however, remind that it is to be expected that the cooling rate at which the demixing domain is entered (at about 100°C) also influences the structures formed (and not only the cooling rate at 70°C as taken here to be representa- tive). Fig. 14 shows the calculated cooling rate-temperature relationship for the different layers. In order not to overload the figure, not every curve has been labelled. Two measured curves for the Palermo apparatus are included, for which these cooling curves are linear. In the fibre, the outside layers (0,1,2,...) have a completely different thermal history than the inside layers (.., 8, 9, 10) . This means that even if at 70°C the same cooling rate is reached in the different layers, the cooling rate history is different and most likely a different structure is obtained. Therefore the calculations not necessarily underpredict the cooling rate, but care has to be taken to compare a structure at a cooling rate at 70°C with a membrane structure at the same cooling rate, without considering the previous thermal history of the membrane. Lowering the temperature of the cooling medium (5°C) will make the cooling rate curve more asymmetric, but also increases the overall cooling rate, thereby making the structure on the inside also denser. Increasing the temperature to 60°C of the cooling medium will lower the cooling rate significantly, but now the cooling rate curve becomes much flatter, which is unfavourable for the formation of a dense skin. Another way for altering the cooling rate history, is the use of both water and air as cooling media. If the fibre is cooled in water for a short time and then allowed to cool in air, it is possible to get a high cooling rate on the outside, combined with a low cooling rate on the inside. Fig. 15 shows the temperature change in time for different residence times in the water bath. If the fibre only stay for 0.1 s in water [ Fig. 15 (a) ] (this is a length of 16 ram, at the spinning velocities used), the outside of the fibre will be cooled rapidly, while as soon as the fibre leaves the water it will be heated by the inside layers of the fibre and when the fibre finally reaches 70°C, the cooling rate is both low and flat, which is unfavourable (Fig. 16) . However, when the fibre is kept 0.2 s in water (32 mm), the outside is cooled rapidly again, but now to a temperature below 70°C thereby creating a dense skin. The inside is cooled much slower, and now does not reheat the outside to above 70°C [ Fig. 15 (b) ]. Now a low cooling rate (at 70°C) is obtained in the inside of the fibre, combined with the high cooling rate on the outside (Fig. 16) . This implies that a much more open structure is formed on the inside. Leaving the fibre 0.3 s in water, cools all layers to below 70°C before they experience cooling in the air [ Fig. 15 (c) ], so in fact the cooling process is over. In order to test the hypothesis, it was tried to spin fibres applying different residence times in the water bath.
Improved fibre spinning
Only some preliminary experiments were carried out using a solution of 30 wt% of PPE in cyclohexanol. The take-up speed was set at 20 m/rain and the air-gap at 10 mm. This value of the take-up speed is higher than the one used in the calculations, but for the 30 wt% fibres a lower speed is not effective, since then the fibre is not drawn down enough to be put under sufficient tension. The residence time in the bath was controlled by adjusting the depth of the roll around which the fibre is pulled [see Fig. 3 considered as very spectacular. As stated, these experiments were only preliminary and serve as a first indication. In conclusion, cooling to the point at which the structure vitrifies, proceeds rapidly (0.3-0.45 s), as predicted by the model. Table 2 shows the gas separation properties of these fibres. No real influence of the residence time is noticeable. After 0.15 s, a fibre is obtained with good gas separation properties, but still a too thick skin. The porous structure underneath the skin is more open, but apparently this does not improve the flux through the membrane. So even though the porous structure of the membrane seems much denser for a residence time of 0.5 s, it is as open to gas flow as the structure formed at a residence time of only 0.15 s. This proves that the resistance towards the gas flow is concentrated at the surface of the membrane, and more effective methods for producing a thinner skin by cooling have to be found. We did not test the effect of residence times below 0.15 s, since this was not realizable with our spinning apparatus. This might be worth trying.
Conclusions
It is shown that when thermal phase separation is used, membranes with a closed skin can be obtained. With dry spinning, a thin skin is obtained on the outside of the fibre formed by evaporation of the solvent, which is easy, since the dissolution temperature (150°C) is close to the boiling temperature of the solvent (16°C). By lowering the temperature of the spinneret, fibres with an open skin can be produced which are, however, not suited for gas separation. Moreover, care has to be taken not to lower the temperature too much, since then solidification inside the spinneret occurs, leading to blockage.
The air-gap method results in the formation of a highly asymmetric porous structure. By rapid cooling in water, a steep temperature gradient is established across the fibre cross section, producing a gradient in the structure of the fibre. These fibres posses a closed outer skin given the locally high cooling rates. They can be used to separate oxygen and nitrogen, however given the too thick skins, the fluxes are still too low. By decreasing the air-gap, the reduced permeability increases somewhat, whereas the selectivity decreases. Small air-gaps are therefore preferable.
Analysis of morphologies produced under controlled circumstances creates a calibration tool which reveals that, in the case of dry fibre spinning, cooling rates of about 150°C/min are achieved, whereas in the case of air-gap spinning the cooling rates vary from 21000°C/min on the inside to more than 57600°C/min on the outside. These high cooling rates produce dense skins that are still too thick. Ideally, high cooling rates should be concentrated on the outside of the membrane only.
The cooling rate history of the samples can approximately be calculated with a simple model. An attempt was made to calculate more optimal spinning conditions and the simulations showed that fibres with a more open porous structure combined with a closed skin can be produced by cooling them for only a short time in water, followed by cooling in air. Fibres were spun approximating these conditions, and a more open porous structure was obtained, however no change in gas separation properties was measured. The skin thickness apparently is not altered enough, and other more efficient cooling techniques have to be developed in order to produce thin enough skins. Also it might be interesting to look at other solvents (or solvent-combinations) or other polymers, that behave differently upon cooling. For this purpose, modelling will be a useful tool, since it is possible to look at the effect of different thermal properties of the solvent and the polymer or different heat transfer coefficients on the resulting cooling history of the fibre.
